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Crystal electric field states in rare earth intermetallics show an intricate entanglement with the
many-body physics that occurs in these systems and that is known to lead to a plethora of electronic
phases. Here, we attempt to trace different contributions to the crystal electric field (CEF) splittings
in CeIrIn5, a heavy-fermion compound and member of the CeMIn5 (M= Co, Rh, Ir) family. To
this end, we utilize high-resolution resonant angle-resolved photoemission spectroscopy (ARPES)
and present a spectroscopic study of the electronic structure of this unconventional superconductor
over a wide temperature range. As a result, we show how ARPES can be used in combination with
thermodynamic measurements or neutron scattering to disentangle different contributions to the
CEF splitting in rare earth intermetallics. We also find that the hybridization is stronger in CeIrIn5
than CeCoIn5 and the effects of the hybridization on the Fermi volume increase is much smaller
than predicted. By providing the first experimental evidence for 4f17/2 splittings which, in CeIrIn5,
split the octet into four doublets, we clearly demonstrate the many-body origin of the so-called 4f17/2
state.
I. INTRODUCTION
Systems possessing a large spin-orbit interaction have
recently been the focus of materials research. In contrast
to 3d electron materials, in rare earth and actinide com-
pounds, the spin-orbit interaction is much larger than
the crystal electric field (CEF) interaction. For Cerium-
based rare-earth compounds, where only one electron is
present in the 4f shell, the spin-orbit splitting between
the two levels is of the order of 0.3 eV [1–3]. The degen-
eracy of the 4f level is further reduced by crystal electric
field effects according to the point-group symmetry of the
lattice. For a tetragonal environment, e.g., one expects
that the J = 5/2 and J = 7/2 levels split into 3 and 4
doublets respectively [2]. The respective sizes of the CEF
splittings typically lie between several to few hundreds
meV. Various factors contribute to the CEF splittings in
rare-earth and actinide-based heavy-fermion metals. It
has long been recognized that the size of the CEF split-
tings has a strong effect on the Kondo temperature (TK),
one of the important low-energy scales that characterize
heavy fermions [2, 4–7]. Not only the effective hybridiza-
tion between the local f moments and the conduction
bands, commonly only known qualitatively at best, is
important but also the CEF splittings which together
dynamically generate TK as well as their mutual interde-
pendence. The symmetry of the ground state CEF mul-
tiplet strongly affects the c-f electron hybridization [8],
and details of the CEF splittings also affect the competi-
tion between spin and orbital fluctuations [9]. Nonethe-
less, the tools to reliably extract information on the CEF
configuration of rare earth and actinide intermetallics is
rather limited in number and scope [10–12].
The CeM In5 (M= Co, Rh, Ir) heavy-fermion com-
pounds have attracted interest because they are stocio-
metrically clean compounds possessing rich phase dia-
grams with competing ground states and are good target
materials to study e.g. how magnetism and supercon-
ductivity are related to each other [13, 14]. At ambient
pressure, both CeCoIn5 and CeIrIn5 are superconductors
with Tc =2.3 K [15] and 0.4 K [16], respectively, while
CeRhIn5 is antiferromagnetic below TN=3.8 K [17].
For CeIrIn5, de Haas-van Alphen (dHvA) measure-
ments found a Fermi surface volume expansion on go-
ing from LaIrIn5 to CeIrIn5 [18, 19], which suggests that
the f electron delocalizes and participates at low tem-
perature (T ) in the Fermi surface of CeIrIn5. A nu-
clear quadrupole resonance study of CeIrIn5 lead to the
conclusion that the 4f electrons in CeIrIn5 are much
more itinerant than in the other known Ce-based heavy-
fermion compounds [20]. This is in line with dynamical
mean-field theory (DMFT) which predicts the formation
of the heavy-fermion state in CeIrIn5 at low tempera-
ture [21–23]. Angle-resolved photoemission spectroscopy
(ARPES) measurements on CeIrIn5, however, yield am-
bivalent results. Some claimed that the Ce 4f electrons
are nearly localized [3], while others directly observe a
quasiparticle band in CeIrIn5 [24]. This ambiguity in
understanding the low-T properties of the f -electrons in
CeIrIn5 are at least in part rooted in the lack of a system-
atic electronic structure study of this important heavy-
fermion compound.
In this paper, we provide this electronic structure
study of CeIrIn5 and trace the evolution of the f spectral
weight over an extended T range. We find that the hy-
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2bridization is stronger in CeIrIn5 than CeCoIn5 and the
effects of the hybridization on the Fermi volume increase
is much smaller than previous DMFT calculations [22].
Importantly, we are able to resolve the fine structure of
both 4f15/2 and 4f
1
7/2 and show how this fine structure
contains information that relates to different contribu-
tions of the CEF splittings.
II. EXPERIMENTAL DETAILS
High quality single crystals of CeIrIn5 were grown
by an In self-flux method [16]. All ARPES data pre-
sented here except those shown in Fig. 2 were per-
formed at Beamline I05-ARPES of the Diamond Light
Source equipped with a VG-Scienta R4000 electron an-
alyzer. The typical angular resolution is 0.2◦ and the
overall energy resolution is better than 17 meV. Samples
were cleaved in-situ at 12 K and below 9× 10−11 mbar.
The data in Fig. 2 were obtained at the “Dreamline”
beamline of the Shanghai Synchrotron Radiation Facil-
ity (SSRF) with a Scienta DA30 analyzer, and the vac-
uum was kept below 2× 10−10 mbar. The overall energy
resolution was 20 meV. The samples were cleaved at 12
K.
III. RESULTS AND DISCUSSIONS
The Brillouin zone of CeIrIn5 is sketched in Fig. 1(a)
and the photoemission intensity map of CeIrIn5 at 12 K
with 85 eV photon energy is displayed in Fig. 1(b). The
Fermi surface consists of one square-like Fermi pocket
around the zone center which is part of the γ band,
two Fermi pockets around the zone corner – a flower-
shaped β and a squarelike α pocket – and one narrow
racetrack pocket extending to the middle of the zone
boundary, which is also assigned to the γ band. De-
tailed band dispersions derived from the photoemission
intensity plots along several high-symmetry directions
are shown in Figs. 1(c-e). Along Γ-M in Fig. 1(c), three
bands cross the Fermi level (EF ), which are assigned to α,
β, and γ, respectively. The hole-like γ band encloses the
Γ point, forming the squarelike γ Fermi pocket around
the zone center; while the α band is parabolic-like with
its bottom 0.95 eV below EF . The Fermi energy cross-
ings of the three bands can also be clearly observed along
M -X, see Fig. 1(e). The bands crossing EF along Γ-X
in Fig. 1(d) are all from the γ band, which shows strong
kz dependence [5].
Resonant ARPES measurements were conducted at
the Ce 4d–4f transition to enhance the f -electron pho-
toemission intensity. A comparison of Figs. 2(a) and 2(b)
illustrates the enhancement between the off-resonance
(Fig. 2(a)) and on-resonance (Fig. 2(b)) photoemis-
sion intensities, respectively. Strongly dispersing bands
dominate the off-resonance spectra, while Ce 4f emission
is enhanced in the on-resonance data, see also the inte-
grated spectra in Fig. 2(d). Three nearly flat bands can
be observed in the on-resonance data. The one at 2.3 eV
binding energy with strong intensity is assigned to the
initial 4f0 state, while those near EF and at 0.27 eV be-
low EF are attributed to the 4f
1
5/2 and its spin-orbit-split
4f17/2 component, respectively. As it turns out, the 4f
1
5/2
state is quite sensitive to the polarization of the light —
a significant enhancement is seen under s-polarized light
compared to p polarization (Fig. 2(c)). In contrast, the
overall feature of the 4f17/2 and 4f
0 states appears insen-
sitive to the polarization.
Figures 3(a) and 3(b) zoom into the vicinity of EF ,
where a fine structure can be clearly identified. In par-
ticular, three peaks, located at -20, -32 and -65 meV, can
be resolved which together form the 4f15/2 state, labeled
1, 2, 3 respectively in Fig. 3(c). Surprisingly, we are also
able to detect a fine structure of the 4f17/2 state which
is comprised of four peaks. Three of them are located
at -272, -294 and -318 meV (energies are measured with
respect to EF , i.e. EF = 0), while an additional shoul-
der peak at around -341 meV can also be identified, see
Fig. 3(c). Since this shoulder peak is rather weak, exact
energy position of this peak is yet to be determined. We
also note that there is another shoulder peak about 90
meV away from feature 7. This may due to experimental
statistical fluctuations, since the energy separation is too
large for CEF splittings. To the best of our knowledge,
the splitting of the 4f17/2 peak has not been detected be-
fore in any of the Ce-based heavy-electron materials (or
analogously the 4f15/2 peak in Yb-based heavy-fermion
compounds ). The observation of the fine structure of the
4f17/2 peak at around -0.3 eV establishes beyond doubt
that it originates from Kondo scattering at the J = 7/2
octet whose degeneracy is reduced to four doublets due
to CEF effects. The absence of a clear T dependence of
this peak is related to a comparatively high TK which
results from the relatively large number of contributing
states, i.e., the octet in absence of CEF effects. CEF
splittings of the 4f15/2 state have been directly observed
in CeRh2Si2 by ARPES [1], and have been revealed in
the CeM In5 compounds by inelastic neutron scattering
measurements [10–12]. Interestingly, according to inelas-
tic neutron scattering measurements on CeIrIn5 [12], the
energy splitting between the ground (Γ17) and first excited
state (Γ27) is 4 meV, while the ground state - second ex-
cited state (Γ6) energy difference is 28 meV. In contrast,
the energy separation revealed by our ARPES measure-
ments is about 33 meV for the energy splitting between
Γ27 and Γ6. It is less clear if the peak at position 1 in Fig.
3(c), located at -20 meV, is likely due to the Fermi cutoff
of the strong Kondo resonance above EF , which over-
whelms the Γ17 state. As neither s- nor p- polarization
indicate an additional peak at energies between 1 and 2,
3FIG. 1. Fermi surface and band structure of CeIrIn5 taken with 85 eV photon at 12 K. (a) The Brillouin zone of CeIrIn5, (b)
Photoemission intensity map of CeIrIn5 at EF . The intensity is integrated over a window of (EF -10 meV, EF+10 meV). (c-e)
Photoemission intensity distributions along (c) Γ-M , (d) Γ-X, and (e) M -X.
FIG. 2. Photoemission intensity distributions of CeIrIn5 along Γ-M taken at 12 K with (a) off-resonance (114 eV) s-polarized,
(b) on-resonance (121 eV) s-polarized, and (c) on-resonance p-polarized photons. (d) Angle-integrated EDCs of CeIrIn5 taken
with on-resonant energy; f -band positions are highlighted. Momentum cuts taken with 121 eV photons cross (0,0,7.08 2pi
c
),
close to Γ, and are thus labeled Γ-M for simplicity.
see Fig. 3(c), we are lead to conclude that the splitting
between the Γ17 and Γ
2
7 feature is at least 12 meV.
What could cause such a difference between the neu-
tron scattering and the ARPES results? One possibility
is that the two techniques have different probing depth of
the samples. In our previous soft x-ray ARPES studies
on CeCoIn5, we have demonstrated that ARPES data
with 121 eV photons were still dominated by the bulk
states [5]. Still, ARPES measurements mainly probes the
surface, which might give different results from the bulk
with neutron scattering. Another possibility is that the
CEF-derived Kondo satellites near EF develop disper-
sion due to a momentum-dependent hybridization, i.e.,
the elements V mk,δ defined below. This has been evident
from previous ARPES measurements of the crystal-field
splittings of the Kondo satellites in YbRh2Si2, in which
energy dispersion in momentum space has been detected
[25]. Here, however, the aforementioned difference is ob-
served at the Γ point which rules out the momentum
dispersion as its origin.
To address the possible origin of the observed differ-
ence, we note that a minimal model for CeIrIn5 and
related materials is the multi-band multi-level periodic
Anderson lattice model, given by
H =
∑
i
H
({f†}i, {f }i,Ri) (1)
H
({f†}, {f },R0) = ∑
m,σ
εmf†mσfmσ +
∑
k,σ,δ
εδkc
†
k,δck,δ
+
1
2
∑
(m,σ)6=
(m′σ′)
Uσσ
′
mm′f
†
mσf
†
m′σ′fm′σ′fmσ
+
∑
k,δ,m,σ
(
V mk,δf
†
mσckδ,σe
ik·R0 + h.c.
)
,
where i labels the 4f lattice sites located at positions Ri
and {f†}i ({f }i,Ri) is the set of local f -electron creation
(destruction) operators at site i. At each site i, the local
operators carry each a set of indices (m,σ) which distin-
guish the different CEF states: m refers to the different
doublets and σ = ± labels the states of each doublet.
The index δ distinguishes the different conduction bands.
c†k,δ,σ creates a conduction electron of lattice momentum
k and spin projection σ in the band δ. Uσσ
′
mm′ is the local
4FIG. 3. Crystal electric field splittings of the 4f states in
CeIrIn5. (a, b) Photoemission intensity plot along Γ-M near
EF taken with s-polarized photons (a) and p-polarized pho-
tons (b). (c) Integrated EDCs of CeIrIn5 with s- and p- po-
larized photons. The integrated window has been marked
with a blue block. The orange curve is the integrated EDCs
of CeIrIn5 with p- polarized photons after divided by the
resolution-convoluted Fermi-Dirac distribution, from which
the Kondo resonance peak above EF can be well identified.
Since peak “1” is influenced by the tail of the Kondo reso-
nance, it is not clear whether it is a Kondo signature of the
Γ17 state. (d) Sketch of the CEF splittings of the multiplet
f -states.
Coulomb matrix element and V mk,δ denotes the hybridiza-
tion strength between corresponding states. In order to
discuss the CEF splittings, it is sufficient to consider a
single site i = i0 (R0 = 0) for simplicity. We will refer to
the set {εm} as bare CEF levels. The origin of this contri-
bution to different CEF levels is the charge distribution
in the vicinity of site i0. From Eq. (1) it follows that the
εm and the resulting CEF splittings ∆mn = ε
m − εn are
independent of {V mk,δ} and {Uσσ
′
mm′}.
Analyzing the model system Eq. (1) for a single site
i = i0 (R0 = 0) shows that the set {εm} of bare CEF
levels is strongly renormalized in heavy-fermion metals
and the amount of renormalization will depend both on
{V mk,δ} and {Uσσ
′
mm′} as well as details of the conduction
electron bands [6]. One way of approximately calculat-
ing the fully renormalized set of energies {ε˜m} is based
on the perturbative RG method of [6, 26]. For M = 1,
Umm′ → ∞ and a single conduction band of width 2D
e.g. one finds ε˜1 = ε1 + |V1|2/2D ln
(
ε˜1/D
)
in the so-
called wideband limit, where ε1  D. What is measured
by XPS or neutron spectroscopy is the renormalized set
of energies {ε˜m} of the 4f0 multiplet in the fully inter-
acting system of Eq. (1). In contrast, ARPES allows one
to determine the position of CEF-derived Kondo satel-
lite peaks near EF . The energy spacings between the
Kondo satellites are again the result of the full many-
body problem in the fully interacting system. Yet, they
are in principle different from those obtained by XPS and
neutron spectroscopy. An approximate method to obtain
the spacings between the Kondo satellites is the slave bo-
son mean field theory which for the present model pre-
dicts that a set of Kondo resonances appear both above
and below EF . Applying the slave boson mean field the-
ory to Eq. (1) with Uσσ
′
mm′ →∞ one finds, that the spac-
ings between the Kondo satellites are essentially those
between the unrenormalized set of CEF levels {εm} [4, 6].
Thus, we can conclude that the observed differences be-
tween the CEF splittings from ARPES, XPS and neutron
scattering are due to many-body effects. At the level of
rigor discussed above, the splittings of the Kondo satel-
lite peaks reflect the bare CEF splittings which enables
us to disentangle the two factors contributing to CEF
splittings occurring in heavy-electron metals. From our
analysis and the observation that among the CeM In5
family, only CeIrIn5 shows a detectable difference. We
can thus conclude that one of the Vm for the 4f5/2 state
dominates over the other two. This then would place
CeIrIn5 much closer into the mixed valence regime, as
compared to CeCoIn5 or CeRhIn5. This naturally ex-
plains why CeIrIn5 has the smallest mass enhancement
of the CeM In5 family.
To investigate the evolution of the f electrons as
a function of T , we performed T -dependent resonant
ARPES with 121 eV photons along ΓM . Figs. 4(a) and
4(b) display the evolution of the α band (a), and β and
γ bands (b). At high T , all three conduction bands show
fast dispersive features. Upon decreasing T , the bands
start bending and a weakly dispersive f -electron feature
gradually emerges with increasing weight near EF , which
is particularly pronounced near Γ. The T evolution is fur-
ther illustrated by the EDCs around Γ in Fig. 4(c). Our
results demonstrate that the heavy band formation be-
gins at T much higher than the coherence temperature
Tcoh, which for CeIrIn5 ∼ 50 K [22], as can be inferred
from Figs. 4(a) and 4(b). The f spectral weight near
EF is already discernible at around 145 K, and weakly
dispersive hybridized band become discernible at around
90 K.
In Fig. 4(d) we present a comparison of the T -
dependence of f spectral weight between CeIrIn5 and
its sister compound CeCoIn5. For comparison, the spec-
5FIG. 4. T evolution of the electronic structure of CeIrIn5. (a) Zoomed-in ARPES data of the β and γ bands along Γ-M at
the T indicated. (b) The same as (a), but for the α band. (c) T dependence of the EDCs at Γ. (d) T dependence of the
quasiparticle spectral weight in the vicinity of Γ near EF , integrated over [EF−100 meV, EF+10 meV] of CeIrIn5 and CeCoIn5
[5]. (e-f) Photoemission intensity map of CeIrIn5 at EF at 12 K (e) and 210 K (f). The intensity is integrated over a window
of (EF -10 meV, EF+10 meV).
tral weight has been normalized such that it coincides
for both compounds at 200 K, where the effect of hy-
bridization is relatively small. From Fig. 4(d), it is
clear that the f spectral weight in CeIrIn5 increases much
faster upon lowering T than in CeCoIn5, and the larger
f spectral weight at low T as compared to that found
in CeIrIn5 at the same T , is indicative of a stronger hy-
bridization in CeIrIn5. This is consistent with DMFT cal-
culations, which find that CeIrIn5 has the largest quasi-
particle peak in the CeM In5 family [23]. However, the
observed stronger c-f electron hybridization in CeIrIn5
from our results is different from previous ARPES data,
which suggests that the 4f electrons are dominated by
the localized character with small itinerant component
[24]. This difference may be due to the fact that the 4f15/2
state is quite sensitive to the polarization of the light—a
significant enhancement is seen under s-polarization light
compared with p polarization.
Figures. 4(e) and 4(f) display the photoemission inten-
sity maps for CeIrIn5 taken at 8 K and 210 K. At low T
the f -electron spectral weight is considerably enhanced
near Γ, indicating that the f -electrons participate in the
electronic properties and the system forms a large Fermi
surface, while at high T the Fermi surface is small. In-
terestingly, we find that the effect of the hybridization
on the Fermi volume increase is much smaller than pre-
dicted by DMFT calculations, which suggest a dramatic
change of the Fermi surface topology at low T [22].
Fig. 5 displays the spectra along Γ-M taken at dif-
ferent temperatures after dividing by the resolution-
convoluted Fermi-Dirac distribution, from which the for-
mation of the heavy hybridized bands at low tempera-
ture can be more clearly read off. At high temperature,
three conduction bands all show linear dispersion and
no obvious redistribution of the f spectral weight can
be observed. At low temperature, the hybridization of
the two bands with the f bands causes the redistribution
of the f spectral weight and forms a weakly dispersive
band near Γ. The f spectral weight is significantly en-
hanced to the ‘inside’ of the two bands. While for the
α band, one can clearly observe the dispersion of the
Kondo resonance peak, and it can be well explained by
the hybridized band picture based on the mean field the-
ory for the periodic Anderson model (with M = 1) [27],
6FIG. 5. Development of the heavy quasiparticle band in
CeIrIn5. Photoemission intensity plot along Γ-M near EF
taken at different temperatures, divided by the Resolution-
convoluted Fermi-Dirac distribution. The spectra taken at 8
K has been fitted by the periodic Anderson Model. The gray
solid line illustrates how the conduction β and γ bands hy-
bridize with the f bands. For the α band on the right side,
we present a schematic diagram of the hybridization between
f electrons (εf ) and the α band (εk) close to EF under a pe-
riodic Anderson model. The orange curve is the hybridized
band. Circles represent the position of the hybridized f band
obtained by tracking EDCs, squares represent the position of
the conduction band from fitting MDCs. The blue and green
line denotes the high-T band dispersion and the position of
the f band, respectively. The left side of the parabolic α band
is hardly observed due to matrix element effects.
as presented on the right side of the spectrum taken at
8 K of Fig. 5, in which the energy dispersion is given
by E± =
εf+ε(k)±
√
(εf−ε(k))2+4|Vk|2
2 , where εf is the
single (M = 1) renormalized f -level energy, εk is the
conduction-band dispersion at high temperatures, and
Vk is the renormalized hybridization [27, 28]. A fit to
this model gives εf=1 meV, and Vk=18± 5 meV for the
α band, corresponding to a direct gap of 36 meV for
the α band, a little larger than that of 30 meV found
in CeCoIn5 [5]. The larger hybridization gap is consis-
tent with the stronger hybridization found in CeIrIn5 as
compared to CeCoIn5.
V. CONCLUSIONS
To summarize, we provide the electronic structure
study of the heavy-fermion superconductor CeIrIn5 in
a wide temperature range. We show how the localized
f moments evolute into the heavy-fermion state starting
from a much higher temperatures than Tcoh. The crystal
electric field splittings of both 4f15/2 and 4f
1
7/2 states have
been directly observed for the first time in heavy-fermion
compounds. We also addressed the difference of the CEF
splittings inferred from ARPES vs that from other spec-
troscopy methods and have shown that this allows us to
disentangle different contributions to the CEF splittings.
Moreover, we find that the hybridization between the f
and conduction electrons is stronger in CeIrIn5 than in
CeCoIn5. Our findings should prove essential for a com-
plete microscopic understanding of the intricate phase
diagrams of the Ce 115 compounds and related heavy-
fermion systems.
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